Fundamentals Physics

Eleventh Edition

Halliday

Chapter 15

Oscillations

1

15-1 Simple Harmonic Motion qof20

Learning Objectives

15.01 Distinguish simple harmonic motion from other types of
periodic motion.

15.02 For a simple harmonic oscillator, apply the relationship
between position x and time t to calculate either if given a
value for the other.

15.03 Relate period T, frequency f, and angular frequency @.
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15-1 Simple Harmonic Motion of20

15.04 Identify (displacement) amplitude x.,, phase constant (or
phase angle) @, and phase wt + ¢.

15.05 Sketch a graph of the oscillator’s position X versus time t,
identifying amplitude x,,and period T.

15.06 From a graph of position versus time, velocity versus time, or
acceleration versus time, determine the amplitude of the plot

and the value of the phase constant .
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15.07 On a graph of position x versus time t describe the effects of
changing period T, frequency f, amplitude

Xy, OF phase constant ¢.

15.08 Identify the phase constant ¢ that corresponds to the

starting time (t = 0) being set when a particle in SHM is at
an extreme point or passing through the center point.
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15-1 Simple Harmonic Motion @of20

15.09 Given an oscillator’s position X(t) as a function of time, find
its velocity v(t) as a function of time, identify the velocity
amplitude v,,, in the result, and calculate the velocity at any
given time.

15.10 Sketch a graph of an oscillator’s velocity V versus time t,
identifying the velocity amplitude v,,
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15.11 Apply the relationship between velocity amplitude
Vy, angular frequency @, and (displacement) x,, .

15.12 Given an oscillator’s velocity v(t) as a function of time,
calculate its acceleration a(t) as a function of time, identify the
acceleration amplitude a,, in the result, and calculate the
acceleration at any given time.

15.13 Sketch a graph of an oscillator’s acceleration a versus time t,
identifying the acceleration amplitude a,,.
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15.14 Identify that for a simple harmonic oscillator the acceleration
a at any instant is always given by the product of a negative
constant and the displacement x just then.

15.15 For any given instant in an oscillation, apply the relationship
between acceleration a, angular frequency w,

and displacement x.
15.16 Given data about the position x and velocity v at one instant
determine the phase @t + ¢ and phase constant ¢

Copyright ©2018 John Wiley & Sons, Inc 7

15-1 Simple Harmonic Motion ¢of20

15.17 For a spring-block oscillator, apply the relationships between
spring constant k and mass m and either period T or angular

frequency .
15.18 Apply Hooke’s law to relate the force F on a simple harmonic

oscillator at any instant to the displacement x of the oscillator
at that instant.
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* Any motion that repeats regularly is called periodic.

Copyright ©2018 John Wiley & Sons, Inc 9

]
15-1 Simple Harmonic Motion of20

* The frequency of an oscillation
is the number of times per

+A s——
second that it completesa full ™[N~~~/ T/ 7T
oscillation (cycle)
e Unitofhertzz1Hz =1

oscillation per second | !
| |
* The time in seconds for one full : :
cycle is the period /. \/
|
|

1 cycle

|
T =—. Equation (15-2) :
f B —

Period =T
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X

+ Simple harmonic motion is
periodic motion that is a

A
sinusoidal function of time S“NTT R
x(t) = xp, cos(wt + ¢) /
Equation (15-3) | t
)
| |
- - N R _ _ _
|
|
|
|

Period =T

1 cycle
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* The value written x_ is how Displacement
far the particle moves in either atume!

direction: the amplitude ﬁZ Phasej

The argument of the cosine is  x() = x,, cos(®t + @)
the phase

The constant ¢ is called the  Amplicude e
phase angle or phase constant

Angular Phase
* It adjusts for the initial frequency  constant
conditions of motion att=0 _ or phase
) Figure 15-3 angle
* The angulalé frequency is S ——
s
W == 2rf. Equation (15-5)
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15-1 Simple Harmonic Motion 2.f20)

The amplitudes are different, The amplitudes are the
but the frequency and same, but the frequencies
period are the same. . and periods are different.

A A

x m
g Xm /'\
S 0 ! < t
B —Xn z X [~
= ‘: SR S —
(©]

This negative value
x shifts the cosine

curve rightward.
0 '
X, }> 9=0 M
This zero gives a

Flgu re 15'5 (o) regular cosine curve.
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Checkpoint 1

A particle undergoing simple harmonic oscillation of period T
(like that in Fig. 15-2) is at —x, at time t = 0.

Is it at —X,,, at +X,, at 0, between —X., and 0, or between 0 and
+X., When

(a) t=2.00T, (b) t=3.50T, and (c) t = 5.25T?
Answer:

(a) at =X,

(b) atx,,

(c)atO
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15-1 Simple Harmonic Motion (a4 of20)

 The velocity can be found by the time derivative of the
position function:

dx _
v(t) = o = ~W%m sin(wt + ¢)  Equation (15-6)

* The value wx,, is the velocity amplitude v,
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 The acceleration can be found by the time derivative of
the velocity function, or 2" derivative of position:

( ) - m ( ) i m
a t w~X COoS\w + (P g tm 2 xtre
dt =] \ / Extreme

values

Equation (15-7) £ ° N % ‘ fpm
£ [ |

* The value w?x,, is the A T heah
acceleration amplitude a o,

I

I

1

‘ zero

! values
i here
I

I

|

I

I

I

* Acceleration related to position:
a(t) = —w?x(t). Equation (158)  , «

and ...

extreme

Acceleration

TN
Figure 15-6 mo S/ L’ o
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15-1 Simple Harmonic Motion gsof20)

In SHM, the acceleration a is proportional to the displacement x
but opposite in sign, and the two quantities are related by the
square of the angular frequency w

Checkpoint 2

Which of the following relationships between a particle’s
acceleration a and its position x indicates simple harmonic

oscillation: (a) a = 3x?, (b) a=>5x, (c) a=4x, (d) a==32?

For the SHM, what is the angular frequency (assume the unit of
rad/s)?

Answer:
(c) where the angular frequency is 2
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Restoring Force

Position
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15-1 Simple Harmonic Motion asof2o

* We can apply Newton's second law
F=ma= m(—a)zx) = —(ma)z)x. Equation (15-6)

* Relating this to Hooke's law we see the similarity

Simple harmonic motion is the motion of a particle when
the force acting on it is proportional to the particle’s
displacement but in the opposite direction.

Copyright ©2018 John Wiley & Sons, Inc 19
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* Linear simple harmonic oscillation (F is proportional
to x to the first power) gives:

k
w = \/; (angular frequency). Equation (15-12)

m .
T = Zn\/% (period). Equation (15-13)
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15-1 Simple Harmonic Motion (o.f20)

Checkpoint 3

Which of the following relationships between the force F on a
particle and the particle’s position x gives SHM: (a) F = —5x,

(b) F=-400x?, (c) F=10x,(d) F=3x°?

Answer:

only (a) is simple harmonic motion (note that b is harmonic
motion, but nonlinear and not SHM)

Copyright ©2018 John Wiley & Sons, Inc 21

21

15-2 Energy in Simple Harmonic
Motion @ofs)

Learning Objectives

15.19 For a spring-block oscillator, calculate the kinetic energy and elastic
potential energy at any given time.

15.20 Apply the conservation of energy to relate the total energy of a
spring-block oscillator at one instant to the total energy at another
instant.

15.21 Sketch a graph of the kinetic energy, potential energy, and total
energy of a spring-block oscillator, first as a function of time and
then as a function of the oscillator's position.

15.22 For a spring-block oscillator, determine the block’s position when
the total energy is entirely kinetic energy and when it is entirely
potential energy.
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15-2 Energy in Simple Harmonic

Motion ¢ofs) NPT

- Write the functions for kinetic and -
potential energy:

1 "
“ " As time changes, the
U(t) =5 kxz =35 kx‘)?n COSZ ((Ut + ¢) ene'rgy si?:s%etv::en
2 2 . the two types, but the
Equatlon (15'18) total is constant.

~U(x) + K(x)

1 1
K(t) ==-mv? = Eerzn sin?(wt + ¢)

2
Equation (15-20) B
 Their sum is defined by: 0
energy shifts between
E=U+K-= Ekx%@- Figure 15-8 o s comant.

Eq uat|o n (15-21) Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

Copyright ©2018 John Wiley & Sons, Inc 23

23

15-2 Energy in Simple Harmonic
Motion @ors)

“Xm =1 o Figure 15-7

Checkpoint 4

In Fig. 15-7, the block has a kinetic energy of 3 J and the spring has an
elastic potential energy of 2 J when the block is at x = +2.0 cm. (a) What
is the kinetic energy when the block is at x = 0? What is the elastic
potential energy when the block is at (b) x = —2.0 cm and (c) x = —x,,?

Answer: (a)5J (b)2J (c)5J
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15-3 An Angular Simple Harmonic

Oscillator @ors)
Learning Objectives

15.23 Describe the motion of an angular simple harmonic
oscillator.

15.24 For an angular simple harmonic oscillator, apply the
relationship between the relationship between 7
and the angular displacement ¢ (from equilibrium).

Copyright ©2018 John Wiley & Sons, Inc 25
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15-3 An Angular Simple Harmonic

Oscillator ¢ors

15.25 For an angular simple harmonic oscillator, apply the
relationship between the period T (or frequency f), the

rotational inertia I, and the torsion constant x.

15.26 For an angular simple harmonic oscillator at any instant,
apply the relationship between the angular acceleration
a, the angular frequency o, and the angular displacement
0.
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15-3 An Angular Simple Harmonic

Oscillator @ors) W ecea ena
« Atorsion pendulum: elasticity
fl‘0m a thStlng WII‘E Suspension wire

Moves in angular simple

harmonlc m0t|0n Reference line
T = —K0. Equation (15-22) ;

: : ] >
k is called the torsion constant \(><N+e,,,
Angular form of Hooke's law -6,

Replace linear variables with their angular analogs and
we find

R ——— T [ [ R

T =2m/l/x Equation (15-23)
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15-4 Pendulums, Circular Motion @ora

Learning Objectives

15.27 Describe the motion of an oscillating simple pendulum.

15.28 Draw a free-body diagram.

15.29-31 Distinguish between a simple and physical
pendulum, and relate their variables.

15.32 Find angular frequency from torque and angular
displacement or acceleration and displacement.

Copyright ©2018 John Wiley & Sons, Inc
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15-4 Pendulums, Circular Motion ¢ofs

15.33 Distinguish angular frequency from %,

15.34 Determine phase and amplitude.

15.35 Describe how free-fall acceleration can be measured
with a pendulum.

15.36 For a physical pendulum, find the center of the
oscillation.

15.37 Relate SHM to uniform circular motion.

Copyright ©2018 John Wiley & Sons, Inc 29

29

15-4 Pendulums, Circular ==
Motion @ora)

« Asimple pendulum: a bob of
mass m suspended from an
unstretchable, massless string

o\L
 Bob feels a restoring torque:
_ . H _ 5= 18 -
= _L(E'g sin Q), Equation (15-24) I
* Relating this to moment of inertia: J>\ This
— \ A component
a=— mg_L 6 Equation (15'26) IZ:ponent /'L/ sl::':lzn
I l;riggbs thke the string.
* Angular acceleration proportional e Eigure 15-11
- m - - - (b) -
to pOSItlon bUt OppOSIte In Slgn (opyrlghﬂ:ZOHJohnwlley&Sogm,lnc.kllrighunnrnd.
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15-4 Pendulums, Circular Motion o4

 Angular amplitude &_ of the motion must be small

« The angular frequency is:

T'=2m |- Equation (15-28)
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15-5 Damped Simple Harmonic
Motion @of7

Learning Objectives

15.38 Describe the motion of a damped simple harmonic
oscillator and sketch a graph of the oscillator's position
as a function of time.

15.39 For any particular time, calculate the position of a
damped simple harmonic oscillator.

15.40 Determine the amplitude of a damped simple harmonic
oscillator at any given time.

Copyright ©2018 John Wiley & Sons, Inc 32

32

17/10/2021

16



15-5 Damped Simple Harmonic

Motion of7)

15.41 Calculate the angular frequency of a damped simple
harmonic oscillator in terms of the spring constant, the
damping constant, and the mass, and approximate the
angular frequency when the damping constant is small.

15.42 Apply the equation giving the (approximate) total energy
of a damped simple harmonic oscillator as a function of

time.

Copyright ©2018 John Wiley & Sons, Inc
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15-5 Damped Simple
Harmonic Motion @of7

* When an external force reduces the
motion of an oscillator, its motion
is damped

« Assume the liquid exerts a
damping force proportional to
velocity (accurate for slow motion)

Fd = _bv,
* b is a damping constant, depends

Equation (15-39)

Rigid support

Springiness, k

Mass m

Vane

Damping, b

on the vane and the viscosity of "

the fluid

john Wiley & Sons, Inc. Al rights reserved.

Figure 15-16
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15-5 Damped Simple Harmonic
Motion @of7)

* We use Newton's second law and rearrange to find:

d?x dx

- — = 0. Equation (15-41)
mdt2 +bdt+kx 0
 The solution to this differential equation is:
-bt
x(t) = xpe2m cos(w't + ¢), Equation (15-42)

+ With angular frequency:

k b? .
w=|———\, Equation (15-43)
m  4m?
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Motion sof

X

~bt/2m
X,,€
+X,, /_ m
0 t(s)
—x. LU - \7
m ~bt/2m
Xl
Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
Figure 15-17
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15-5 Damped Simple Harmonic
Motion @of7)
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15-5 Damped Simple Harmonic
Motion ¢
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15-6 Forced Oscillations and
Resonance o

Learning Objectives

15.43 Distinguish between natural angular frequency and driving
angular frequency.

15.44 For a forced oscillator, sketch a graph of the oscillation
amplitude versus the ratio of the driving angular frequency to
the natural angular frequency, identify the approximate
location of resonance, and indicate the effect of increasing the
damping.

15.45 For a given natural angular frequency, identify the
approximate driving angular frequency that gives resonance.
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15-6 Forced Oscillations and
Resonance o7
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15-6 Forced Oscillations and

Resonance o

* Forced, or driven, oscillations are subject to a periodic
applied force of frequency wg,

» Aforced oscillator oscillates at the angular frequency of its
driving force:

x(t) = x; cos(wgt + @), Equation (15-45)
* The displacement amplitude is
Fy/m
xm

~ J(@g? — 0D 1 (bag/m)?

 The velocity amplitude of the oscillations is greatest when:
Wy = w Equation (15-46)
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15-6 Forced Oscillations and

Resonance o7
* This condition is called resonance
« This is also approximately when

the displacement amplitude is
largest

» Resonance has important
implications for the stability of

b=140g/s

Amplitude

structures i
0.6 0.8 1.0 1.2 1.4
* Forced oscillations at resonant w0,/
frequency may result in rupture or “ T
collapse Figure 15-18
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15-6 Forced Oscillations and

Resonance o

Tacoma Narrows Bridge, WA

Opened 1 July 1940
G O AL A

Kitsap ?f“e
Peningula }\\

T coma

15-6 Forced Oscillations and

Resonance of7)
Tacoma Narrows Bridge, WA
Opened 1 July 1940,
collapsed 7 November 1940

Resonance can lead to
spectacular consequences!
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15-6 Forced Oscillations and
Resonance (o7

DISASTER!
The Greatest

Camera Scoop

of all time!
TR 7 e
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Summary (1 0f5)

Frequency
* 1 Hz =1 cycle per second
Period
1
T= ? Equation (15-2)

Simple Harmonic Motion
 Find v and a by differentiation

X(t) = x,, cos(at +¢) Equation (15-3)
= 2_|_—” =2rf. Equation (15-5)
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The Linear Oscillator

W= k Equation (15-12)
m
m .
T=2x Y Equation (15-13)
Energy
* Mechanical energy remains constant as K and U change

. K =3mv2,u =1Kx2
2 2

Copyright ©2018 John Wiley & Sons, Inc 47
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Summary gors
Pendulums
T=2x L Equation (15-23)
K
L
T=2rx 5 Equation (15-28)
T=2n —I '
mgh Equation (15-29)
Copyright ©2018 John Wiley & Sons, Inc 48
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Simple Harmonic Motion and Uniform Circular
Motion

* SHM is the projection of UCM onto the diameter of the
circle in which the UCM occurs

Damped Harmonic Motion

;m -
X(t) =X e COS(a)"[ + ¢)’ Equation (15-42)
2
o = k_ b = Equation (15-43)
m 4m
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Forced Oscillations and Resonance

 The velocity amplitude is greatest when the driving force is
related to the natural frequency by:

Wy =0 Equation (15-46)
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